Recombination in the ionized layers is discussed. It is pointed out that the results of recent work make the ionic recombination theory very difficult to maintain. Consideration is therefore given to two alternatives, the dust recombination theory and the molecular recombination theory. It is concluded that of these only the latter is at all promising. In the E layer the recombination process would be 9 + + e-*0 ' + CT, while in F1 the effective reactions would be O + + I F -> I 7 + + 0 |
I n t r o d u c t i o n

Difficulties of the ionic recombination theory
A number of investigations have been carried out on the theory of recombination in the ionized layers of the upper atmosphere. The most obvious action to consider is of course the electronic process X + + e->X + hv 02,N 2).
(1) Bates, Buckingham, Massey & Unwin (1939) have calculated the rate at which this can occur and have found th at it is much too slow to account for the experimental data.* Another possibility is th at a quasi-equilibrium of oxygen negative ions is set up between attachment by
The basic reactions in the upper atmosphere II. The theory of recombination in the ionized layers 0 + e -> 0 -+ ftv (2) and detachment by 0 " + 0 -> 0 2 + e (3) and by 0~ + hv^-0 + e (reverse of (2)),
and th at recombination proceeds through the removal of the negative ions by 0~ + X +-+0 + X .
This (the ionic recombination theory) has been studied in some detail by Bates & Massey (1946) . They concluded that, if the attachm ent rate associated with (2) is abnormally high owing to a resonance effect (cf. , and if the electron affinity of O is taken as 3*1 eV (as measured by Vier & Mayer (1944) ) rather than as 2*2 eV (as measured by Lozier (1934) ), then the basic observational facts can be satisfactorily explained provided the associative detachment coefficient k involved in (3) is 2 x 10~u c.c./sec., and the ionic recombination coefficient involved in (5) is 3 x 10-6c.c./sec.* While reliable determinations of k and are not available, theoretical estimates suggest th a t both are much smaller than is required. This difficulty, which was emphasized by Bates & Massey (1946) , is enhanced by certain recent developments.
(а) I t is doubtful whether the assumption of exact resonance in assessing the attachm ent coefficient rj is correct. Some justification is provided by the experi mental results of Lozier (1934) and Hagstrum & Tate (1941) , who found evidence for the existence of a stable excited state of O-with low binding energy. I t must be remembered, however, th at the binding energy must be very close to zero to give the full resonance effects. Moreover, the nature of the excited state is obscure. Thus a theoretical investigation by showed that, to introduce a stable excited state, the effective field acting on the outer electron must be con siderably greater than would be anticipated even when allowance is made for polarization of the neutral atomic core.
If, in spite of the objections, the resonance phenomenon is accepted, allowance must be made for its full implications. In particular, the exceptionally large electronic scattering coefficient associated with it must be used in computing collision fre quencies. The evaluation by quantal methods of this coefficient has now been com pleted. Details of the work are given in Appendix 2. The essential result is that, at resonance, the magnitude of the coefficient is of order 10~6 c.c./sec. At the level of the E layer there are some 2 x 1012 oxygen atoms/c.c. The predicted collision fre quency for the electrons is therefore 2 x 106/sec. This is significantly greater than the value 2 x 105/see. deduced by Bailey & Martyn (1935) from the interaction of radio waves in the lower part of the layer, suggesting th a t resonance does not in fact occur. Similar but less definite evidence is provided by the upper layers.
(б) , following a suggestion of Sayers,f considered the possibility th at an alternative means of attaining the abnormally high attach ment rate needed in the theory might be through the dielectronic process 0 (ls2, 2s2, 2p 4, 3P) + e^0~(ls2, 2s , 2p 6, 2S), \ 0~(ls2,2«s, 2 p6, 2S)->0~(ls2,2-s2, 2 2P) 4-To be a t all effective this requires the energy of the 2S state to lie just within the continuum. At the time this did not appear a t all likely, but it could not be com pletely ignored. Recent work by , however, has confirmed th at the energy condition is not satisfied. In consequence dielectronic attachm ent is so slow that if; can be neglected. (c) In order to decide between the two determinations of the electron affinity of oxygen, made a study of negative ions using semi-empirical methods. He found the evidence to be in favour of the value 2-2 eV rather than the value 3-1 eV (the one required by the ionic recombination theory, Bates & Massey (1946) ).
If either the high attachm ent rate, or the high electron affinity of oxygen, is abandoned, the difficulties already mentioned in connexion with the negative-ion recombination theory are intensified. Should both be abandoned (as is suggested by (a), (b) and (c)), it would appear th at the theory can no longer be regarded as tenable.
The extent of the failure can most clearly be demonstrated by considering the E layer. I t can be shown (Bates & Massey 1946 ) th at after discarding certain small terms (such as those involving oce the electronic recombination coefficient) the formula for the effective recombination coefficient cc is simply a = Aaq,
where A, the negative ion to electron ratio, is given approximately by the relation
Here ne is the electron density, na is the oxygen atom density, q is the effective rate of electron production, p i s the rate of photodetachment/negativ remaining symbols are as above.
The basic experimental facts to be explained are th at a is of magnitude 1 x 10-8 c.c./sec. and that it is independent of ne and na. Now
The basic reactions in the upper atmosphere 3 e 1-5 x 105/c.c.,j (cf Appendix a = 2 x 1012/c.c. J rj -1-1 x 10~15c.c./sec.,'l (cf. , (b) and (c) being accepted).
Clearly from (8) A < TjnJp, or, substituting, A < 6-3 x l 0~3.
As a consequence of the smallness of this number oq must be so large to satisfy (7) th at oqnf becomes the major term in the denominator of (8). If and are neglected, cq is actually required to be about 5 x 10-6 c.c./sec. Since this is greater than the value found in air even at atmospheric pressure* it can scarcely be accepted. * Cf. Sayers (1938) .
Further, the predominance of cLi nl results in depending both on ne and on na, which is in direct conflict with observation. Difficulties also occur in connexion with the upper layers. Unless, therefore, some factor has been overlooked, or unless some of the data used are incorrect, it would seem th a t the ionic recombination theory is not valid. Up to the present, little attention has been paid to the possible alternative theories, but it would now appear necessary to study them closely to see if any of them are a t all plausible.
2 . T h e d u s t p a r t i c l e r e c o m b i n a t i o n t h e o r y Bates & Massey (1946) suggested th at an enhancement of the recombination rate in the ionized layers might be provided by the presence of dust particles, originating perhaps from volcanic action or from meteors. Although this is not an attractive possibility it cannot be dismissed without examination.
At first sight it would appear likely th at any dust particles in the ionized layers would be negatively charged owing to the velocity of the electrons being greater than th at of the positive ions. However, in daytime, sunlight will produce photoelectric emission from the particles. If this emission is comparable with the rate a t which electrons are encountered it becomes difficult to decide whether, on the average, the particles will have predominantly a positive or negative charge. As an approximate estimate shows th at the two rates may well be of the same order (the flux of quanta with quantum energy greater than 5eV is 1000 times th at of the electrons in the E layer) it is necessary to consider, as separate possibilities, the presence of posi tively and negatively charged dust particles D+ and D respectively.
2-1. Positively charged dust particles
The first possibility is that a dust particle is ionized by collision with one of the positive ions formed in the layer and th at subsequently an electron recombines with it, the energy of neutralization appearing as heat (as in wall recombination in a discharge tube). The sequence of events leading to the disappearance of a positive ion and an electron can then be written
If it is presumed th at the number nD of dust particles/c.c. is sufficiently great, then almost all of the positive ions will be in the form of D+ rather than X +. This would ensure not only th at the effective recombination coefficient would be independent of ne and na, but also th at it would not change with any influx of dust particles-t former at least is essential in view of the observed constancy of the recombination coefficient in the E layer.
Little is known of the rates of such processes as (10) and (11), but the effective cross-sections are likely to be of the order of the geometrical cross-section Q of the dust particles. Using the observed rate of recombination in the layer (cf. Appen dix 1), together with the mean electron velocity of 107cm./sec., the value of Q required is found to be 10-15 cm.2, rather more of the dimensions of a molecule than a dust particle. The equilibrium concentration of free positive ions will be given by ql(nDQv+), where v+ is their mean velocity and their rate of production/c.c. by photo-ionization. This must be considerably smaller than ne the electron concentra tion. Substitution of the values 1-5 x 105/c.c., 220/c.c./sec., 10~15 cm.2, and 5 x 104cm./sec. for ne, q, Q, and v+ respectively, shows th a t nD must be at least 108/c.c. Almost the same figure is obtained for the Fx layer. With any normal altitude distribution one would expect the value of at the level of E to be as much as 100 times th at a t the level of Fv This would increase the minimum acce nearly 1010/c.c., which is improbably high. Among other difficulties the production of electrons by photoelectric emission would be very rapid-the number of electrons emitted/c.c./sec. would be <fixQnD' where < /> is the flux of solar energy and
x is the efficiency of photoelectric emission. Taking the work funct of the particles as about 5 eV, < /> becomes of the order 1015/cm,2/sec., giving an emission of 1010y/c.c./sec., which is likely to exceed considerably the value 220/c.c./sec. due to photo-ionization of atmospheric atoms and molecules in the E layer. Further the formation of D~ has so far been neglected. Though this may be justified during the day (owing to their destruction by solar radiation) it is probably not justified at night. I t can be seen th at with the values of and Q found necessary all the free electrons would disappear immediately after sunset.
2*2. Negatively charged dust particles
The second possibility is th at electrons attach to dust particles,
and th at negative ions of atomic oxygen are then formed by collision
The dust particles thus act essentially as catalysts for the production of 0~. If, by so doing, they enable the negative ion-electron ratio to increase sufficiently, then the ionic recombination theory might be revived.
Omitting the minor terms in the obvious modification of (8), the expression for the negative ion-electron ratio is given by
The observed constancy of a and hence of A demands that:
The concentration of dust particles should not fluctuate.
(б) The rate of collision detachment should be greater than that of photodetach ment. (This requires k to be unexpectedly large just as in the original ionic recom bination theory.) (c) The scale height associated with the dust particles should be the same as th a t of the main atmospheric gases.
It is very doubtful if these conditions can be satisfied. Apart from this the same difficulty about photoelectric emission arises as in the previous case. Taking for cqa value of say 10~8 c.c./sec. , then from (7) A must be unity in the E layer. Numerical substitution in (14), assuming th at the rate of collision detachment is at least three times th at of photodetachment, gives QnD of the order 10"7 cm.2/c.c. Taking the same flux of effective quanta as in § 2d, the rate of photo emission becomes greater than 108y/c.c./sec., where y is, as before, the photoelectric efficiency. Consideration of the Fx layer leads to an even h The situation is not improved by taking account of recombination between A + and D directly.
In any event it is very doubtful if the indispensable process (13) is energetically possible, and, unless it is, the recombination law could not be obeyed as the equili brium would be determined by photo action.
2-3. Although it is not possible to produce a conclusive proof of the unimportance of dust particles, the above discussion shows th at the possibility of their increasing the recombination rate is slight.
D . R . B a te s an d H . S. W . M assey
T h e m o l e c u l a r r e c o m b i n a t i o n t h e o r y
It has been pointed out in previous papers (Massey 1937; Bates et al. 1939; Bates & Massey 1946 ) th at non-radiative recombination of an electron to a molecular positive ion can occur, the energy released by the capture producing dissociation as, for example, O2 + e -> 0 ' + 0 ".
It is not easy to assess the rate of such reactions and, while alternative mechanisms of recombination seemed adequate, the tendency was to ignore them. As th at is no longer the position it is necessary to explore the possibilities presented in detail. First of all consider the ions present to be all molecular. This may well be true of the E layer, the ions being OJ. To obtain the observed recombination coefficient, the effective cross-section for the reaction (15) (with electrons of average velocity 107 cm./sec.) would have to be about 10-15 cm.2. If this were so, no further difficulty would arise, as the recombination coefficient is, of course, independent of nc and na. It was previously supposed to be unlikely th at the actual magnitude of the effective cross-section would be as great as required, but recent quantal estimations have suggested that the cross-sections may be adequate. Bearing in mind th at the collision is one of the second kind, the required cross-section is not indeed unduly large. This may be emphasized by noting that it corresponds to a cross-section of only some 10 21 cm.2 for the inverse process. Further, indirect indication th at the reaction may be fast enough is afforded by the work of Mohler & Boeckner (1930) on the photo ionization of caesium vapour. They found that ionization occurred when the quantum energy was insufficient to produce it directly. This was explained as due to the process Cs (w2P) + Cs-> Cs^ + e( 16)
The value of rQr, where r is the radiative lifetime of the particular state and Qr the effective collision cross-section, was derived from the observations for values of n ranging from 8 to 29. W ith the reasonable estimates for r, Qr was found to be large (for n = 9, Qr is 10~13 to 10-14 cm.2). For recombination,
Cs£ + e->Cs' + Cs",
the cross-section will be even greater. Arnot & M'Ewen (1938 have also observed associative ionization (as (16)) in mercury and helium. I t is clear, however, th at there is not enough evidence to decide whether or not (15) is adequate to provide the observed rate of recombination in the E layer and, in view of its importance, further study of the reaction is being made. Meanwhile, if we accept th a t the mechanism is sufficiently rapid the question arises as to whether it can also explain the recombination in the and F2 layers.
3-1. The Fx and F2 layer
The chief difference which arises in the Fx and F2 layers is due to the necessity of regarding atomic ions 0 + as forming an appreciable proportion of the ionization. This has important consequences because these ions will not be removed by the recom bination process postulated. Probably the main direct recombination process by which they would disappear would be the radiative one + h v( 18) for which the coefficient is known to be no higher than about 10-12 c.c./sec. ). Though we might suppose th at the ions also present disappear by the process j$t + e-+ N' + N"
at a much faster rate, with a coefficient of order 10~8 to 10-9 c.c./sec. this would not account for the behaviour of the layers. Denoting the concentrations of oxygen atomic ions by n£ and of nitrogen molecular ions by n+, then
where qa, qm are the respective rates of production and , ccm of recombination of 0 + and N R In equilibrium 
The apparent recombination coefficient would then be oca(l+ q m/qa) (n£/ne). Since qm!qa is unlikely to be greater than about 4 (and is probably actually less), and since na < n e> this is smaller than the observed recombination coefficient (4 x 10~9 c.c./sec. in Fx and 8 x 10~n to 3 x 10~10 c.c./sec. in F2). The same general conclusion is reached even if allowance is made for ionic recombination. I t is thus clear that the simple version of the molecular recombination theory becomes untenable when applied to the F layers because of the fact th a t it has been supposed th at the atomic oxygen ions can be lost only by a relatively slow process. If any way can be found, by means of which they can be removed rapidly, the difficulty can be overcome. Now the ionization potential of the nitrogen molecule is higher than th at of the oxygen atom, so the process
can occur in the upper atmosphere, whereas its inverse cannot.* This aggravates the position by reducing still further the fraction of ionization present in the form of molecular ions. On the other hand, if another molecule X T say, with lower ioniza tion potential than th at of O, were present, the reaction 0 + + I 7 -> I 7 + + 0
could proceed. This would remove atomic ions, forming new molecular ions which might disappear rapidly by the process
X Y + + e->X'+Y'.(26)
The molecule 1 7 would act a very similar way to th a t of the dust particle in § 2*1. To see what limitations must be imposed on the rates concerned the and layers will now be considered. In the Fx layer the main ions formed initially are probably 0 + (Bates & Massey 1946) . If recombination is to proceed through the stages (25) and (26) and still yield an effective electron recombination coefficient independent of the electron and of the neutral atom and molecule concentrations, the rate of the electron transfer reaction must be fast enough to ensure th a t most of the positive ions existing a t any instant are X Y + ions. Let na, nXY be the concentrations of neutral O and X Y respec tively, , nXY °f the respective positive ions, and ocX Y , the recombination and electron transfer coefficients for the respective reactions (26) * The transfer will occur a t the crossing point of the appropriate potential energy curves. Though the effective collision area is probably not large the process is not necessarily so slow th a t it can be neglected in the upper air (as m ight be concluded from M eyerott's discussion (1947) )-To satisfy the observed conditions n+ must be appreciably less than say \ n^Y af most. < xx Y must then be 6 x 10~9 c.c./sec. to give an effective electron recom bination coefficient 4 x 10~9 c.c./sec. Finally, since ne is 2*5 x 105/c.c. must be 3 x 10~3/sec. (or more). I t is difficult to assign a suitable value for /?r , but it is not impossible th a t it be as large as 10-11 c.c./sec. (taking the effective cross-section as about 10_16cm.2 somewhat less than gas kinetic) if near resonance occurs. W ith this value of fiT, nXY would only need to be as large as 3 x 108/c.c., which is only about 3 x 10~3 of the main particle density. Now turn to the F2 layer. This is thought to be produced by the i atomic oxygen and molecular nitrogen.* At first it might seem th at since 0 + and N2 both form X Y + by collision with X Y , the subsequent recombination through (26) would give rise to the same effective recombination coefficient as in the layer. This is not the case, however, as the low particle density severely limits the rate at which the transfer process can occur. In the layer fiYnx r was found to be 3 x 10~3/sec. Allowing for the lower particle density and for some dissociation of A T in the F2 layer it is not unreasonable to take fiTnXY there to be of order 10~4/sec. This gives the rate of formation of X Y + as 102/c.c./sec. in satisfactory agreement with the observed rate of recombination (80/c.c./sec.).f With the figures assumed it can readily be seen th at n^Y is only slightly over 104/c.c«, which is a very small fraction of the total ion density. An immediate consequence of the slowness of the transfer process, thus limiting the number of X Y + ions, is th at the effective recom bination coefficient is not a constant as in the E and Fx layers, but is instead approxi mately proportional to nXYlne. The laws governing the disappearance of electrons are therefore much the same as if the mechanism involved were simply attachment, which is in accord with the radio measurements of Mohler (1940) and others.
So far dissociative recombination to N2, (19), has been neglected. This is justified if the relevant coefficient ocm is much less than lO-10 c.c./sec. as then the main loss of ions is probably through (24) or N£ + X T -> N 2 + A F +
If these are at all rapid it may also be justified even if the value of ccm for is as great as that for X Y + (6 x 10~9 c.c./sec.). In any event the effective rec coefficient in the F2 layer remains owing due to the limited rate of disapp * While it is not the purpose of the present paper to extend the earlier discussion by Bates & Massey (1946) on the ionization processes, the opportunity is taken of pointing out th at the recent suggestion of Woolley (1946) f Woolley (1946) suggests th at Appleton's estimate (1937) of the recombination rate (given above) is too high. If this is correct it is necessary, on the present theory, to reduce the value of Pt uxy i mplying a much greater degree of dissociation of in the upp the two F layers. However, the recent eclipse measurements of Wells & Shapley (1946) support the faster rate. Further, it is not easy to reconcile the observed nocturnal decrease in the ionization with Woolley's figure for the coefficient (10-u c.c./sec.). 0 +. The theory is the same as that given above except th a t finXY has to be taken smaller by a factor of perhaps 4 (depending on qmlqa).
The intermediary X Y has still to be identified. As only minute concentrations are needed, and as the sole property known is th at the ionization potential is below 13-5 eV many possibilities can be suggested. Two th a t may be mentioned are 0 2 and NO. Unfortunately, it is difficult to estimate the distribution of these gases with altitude owing to lack of knowledge of such factors as the rate of atmospheric mixing.
3-2. Summarizing remarks
From the above discussion it would appear th a t the modified molecular recom bination theory is capable of giving a plausible general explanation of the behaviour of the ionized layers. I t must be realized, however, th at the values used for the constants, though not unreasonable, were arbitrarily chosen to give agreement with the observed data. Until direct determinations of these (in particular of the electron transfer coefficients and of the dissociative recombination coefficients*) have been made the whole theory must be regarded as tentative and is therefore scarcely worth developing in greater detail than th a t given. At the same time, in assessing the probability of its validity, weight should be attached to the fact that, in spite of the efforts of several workers, no satisfactory alternative has j^et been found. The conclusion th at there must be a rapid recombination process involving the atomic ion 0 + is felt to be of great significance. Thus it is difficult to imagine mechanisms other than:
(a) electronic recombination, (b) ionic recombination, (c) dust particle recombination, (d) charge transfer with a molecule followed by dissociative recombination (as suggested here). Of these (a) is certainly, and (b) and (c) are probably, inadequate, leaving only (d).f 4 4 . O t h e r c o n s e q u e n c e s o f t h e m o l e c u l a r r e c o m b i n a t i o n t h e o r y 4 T . The negative ion-electron ratio Since the negative ion-electron ratio A in the E layer is a quantity of some im portance in determining the direct-current conductivity of the layer it is of interest to evaluate it. Using the relations given by Bates & Massey (1946) , then
* I t should be noted th at the values of these coefficients for different gases may cover a wide range. As comprehensive an investigation as possible is desirable. f I t m ust not be forgotten th at the high rate of recombination in discharge tubes (recently confirmed by Sayers (1947)) has not yet been explained. The process is apparently a pressureindependent atomic one. However, the fact th a t its measured coefficient is greater than th a t found in the F z layer (day) suggests th at it does not occur under the conditions of ionization prevailing in the upper atmosphere. but one is not now forced, as in the ionic recombination theory, to assume th a t k is so large th a t the term Knena effectively determines the denominator of the expression. If, as is more natural, pne is taken to be the major term during the da be seen th a t a t noon X^y n jp
At night the situation is complex. Owing to the presumed rapid dissociative re combination oce is no longer small, and the two negative terms in (29) < xen\ and ( n jl + X)dX/dt may not be negligible. As the magnitude of some of the other terms is uncertain any purely theoretical prediction is difficult at present. However, the behaviour of the layer at sunset and sunrise at least suggests th at the nocturnal value of A is not large. 4*2. Dissociation of molecular nitrogen I t is of interest to notice the effect dissociative recombination would have in producing atomic nitrogen, a result which is probably difficult to achieve by the direct action of radiation.
Averaging over day and night, the mean rate of formation of nitrogen atoms in the region of the upper layers may well be of order 10 to 100/c.c./sec. Now the atoms associate again mainly by a three-body process,* the coefficient for which is unlikely to be greater than 10~31 cm.6/sec. As the total particle density is only of order 1010 to 1011/c.c., it follows th at in equilibrium nitrogen molecules would be almost completely absent. Because of mixing with the atmosphere! at lower level where association occurs rapidly, this equilibrium, which would require years to be reached, is never even approached. However, after 10 days (which is perhaps a reasonable time to consider) the number of nitrogen atoms might be as many as 107 to 108/c.e.
The effect may have to be taken into account in any study of the complex problem of the formation of the oxides of nitrogen. I t may be noted here that the most frequent collision a nitrogen atom is likely to suffer is one involving an oxygen atom and leading to the formation of nitric oxide. This substance, which is not readily destroyed, may be an important constituent of the upper atmosphere. Evidence for its presence has been given by Elvey, Swings & Linke (1941) and by Price (1943) . 
Elastic scattering of slow electrons by oxygen atoms
(1) For slow electrons to be appreciably scattered by an atom they must in general* possess zero angular momentum about the nucleus. A complex consisting of an oxygen atom in its ground 3P state and a free s electron will be in either a 2P or 4P state. The total elastic scattering coefficient < xE is thus given by the weighted mean of the partial coefficients <x% (for the doublet state) and cc% (for the quartet state), th a t is, = -H a S + 2a S?) = £v(4zrag/e) (sin2 8d+2 sin2 8q) c.c./sec., by where v is the electron velocity (units cm./sec.), e is the electron energy (units 13*53 eV),a0 as usual,is the radius of the first Bohrorbit of hydrogen (5*285 x 10~9cm.) and 8d'q are the phase angles of the radial wave functions P d'q(es | of the electron as defined by the relation P d'q(es j r ) ~ e_i sin (efy + 8d-q) (cf. Mott & Massey 1933) . Clearly, therefore, the major part of the evaluation of the elastic scattering coefficient lies in the determination of the radial wave functions. In an earlier paper the relevant Fock equations. Owing to uncertainties in the atomic field it was there necessary to employ a polarizability parameter p and to give any results obtained (for example attachm ent coefficients and absorption cross-sections) over a range of values of it. The same procedure is adopted in the present instance. Correlation with the previous work can thus be made at once.
The basic reactions in the upper atmosphere 16 ,18 resonance resonance polarizability p (atomic units) F ig u r e 1. The effects of resonance on the elastic scattering of slow electrons by atomic oxygen (2P and 4P states of the complex shown separately).
I t is found that as p is increased from zero Lt (e-i sin#d> 9) which initially has a 6~> 0 small negative value becomes positive and tends to infinity at = 17-6 atomic units for the doublet term and at p = 1 4*0 atomic units for the quar further increased L t (e~*sin£d>a) changes discontinuously to an infinite negative e->0 value and then declines steadily in magnitude. This behaviour is illustrated in figure 1. The energy variation of e-*sin£d'a in the low-energy region also depends markedly on p -well away from resonance there is actually no dependence on e, but at exact resonance there is a variation as e-i .
* These are, of course, the resonance polarizabilities that give 2P and 4P states of Owith zero binding energy In practice the elastic collision frequency vE rather than the elastic collision coefficient < xE is of interest. The two are directly connected by the simple formu VE ~ a E n <v na being the number of oxygen atoms in unit volume. Figure 2 depicts The results are given, on a logarithmic scale, in figure 3. Once again the striking effect of resonance is apparent.
(2) Before leaving the problem of elastic scattering it is desirable to consider the contribution to < xE (or vE) arising from electrons with azimuthal quantum number unity. In general this is negligible (as has already been mentioned), but it is large if resonance occurs (that is if an extra node in the free wave function is just intro duced), as the phase change is then \ tt. The incidence ofp-resonance is thus a m atter of great importance. Owing to the orthogonality parameter in the Fock equations, a t least one node (apart from th a t a t the origin) must always appear in the free wave function-but there is no possibility of it just appearing so th at resonance effects The basic reactions in the upper atmosphere are not associated with it. A further node would, of course, be introduced if the polarizability were sufficiently great to allow a 3 state, and here true resonance effects could occur. The possibility of such a polarizability can, however, be dis missed. I t can therefore be taken that for atomic oxygen -scattering is small compared with s-scattering.
The electronic structure of conjugated systems II. U nsaturated hydrocarbons and their hetero-derivatives By C. A. C o u l s o n a n d H. C. L o n g u e t -H i g g i n s
(Communicated by R. P. Bell, F.R.S.-Received 29 January 1947) T he th eo ry of P a r t I (Coulson & iiO nguet-H iggins 1947) is app lied to h y d ro carb o n s a n d th e ir hetero-derivativ es. A n eq u a tio n is given relatin g differences in a c tiv a tio n energy to electron densities a n d ato m p o larizabilities (in th e sense of P a r t I) for a h etero ly tic reac tio n a t different positions in a co n ju g ated system . T he eq u atio n s of P a r t I are th e n ap p lied to h y d ro carbons containing no odd-m em bered u n sa tu ra te d rings. I t h as p reviously been show n th a t in such hydrocarb o n s all th e electron densities are u n ity , a n d it is here p ro v ed th a t w hen one coulom b in teg ral is a lte re d slightly, th e electron densities are a lte rn a te ly in creased a n d decreased th ro u g h o u t th e m olecule. T his fa c t is show n to provide a th eo re tic a l basis for th e exp erim en tal law of a lte rn a tin g p o la rity in co n ju g ated system s co n tain in g a h etero -ato m .
I n t r o d u c t i o n
In the first paper of this series (Coulson & Longuet-Higgins 1947) we showed how it was possible to calculate electron densities, bond orders and mutual polariz abilities in any conjugated system. In the present paper we shall use those results
